ABSTRACT: Polymethylmethacrylate bone cement has been widely used for the anchorage of artificial implants in various orthopedic surgeries. Although it is one of the most successful biomaterials in use, excess heat generation intrinsically causes thermal damage to bone cells adjacent to the bone cement. To estimate a risk of thermal injury, a response of bone cells to cement polymerization must be elucidated because of the occurrence of thermal damage. Thermal damage is affected not only by maximal temperature but also by exposure time, temperature history, and cell type. This study aimed at quantifying the thermal tolerance of bone cells for the development of a thermal injury model, and applying this model for the estimation of thermal damage during cement polymerization in total knee arthroplasty. Osteocytes, osteoblasts, and fibroblasts were respectively subjected to steady supraphysiological temperatures ranging from 45 to 50˚C. Survival curves of each cell and temperatures were used to formulate the Arrhenius model. A threedimensional heat conduction analysis for total knee arthroplasty was conducted using the finite element model based on serial CT images of human knee. A maximal temperature rise of 50˚C was observed at the interface between the 3-mm thick cement and the tissue immediately beneath the tibial tray of the prosthesis. The probability of thermal damage to the osteocyte, which was calculated using the Arrhenius model, was negligible at a distance of at least 1 mm away from the cement-bone interface. ß
Polymethylmethacrylate (PMMA) bone cement has been widely used for the anchorage of artificial implants in various orthopedic surgical procedures. It is used as a mixture of the powdered and liquid forms of MMA for filling up spaces between bone and prosthesis. However, despite being one of the most successful biomaterials used in orthopedics, 1-3 the major drawback of bone cements is that they release heat within the body during polymerization due to the exothermic nature of the curing process. Excess heat generation intrinsically causes thermal damage to the bone tissue adjacent to the bone cement.
Bone necrosis due to excess heat generation from bone cement has been reported since the 1960s. 4 Microscopic observation of the cement-bone interface around the cemented prosthesis has shown bone and marrow necrosis extending for several millimeters from the cement. 5, 6 A recent experimental study noted that the curing of 2.5-and 5.0-mm thick bone cements in the cemented acetabulum resulted in thermal damage to the bone tissue at depths of 2.2 and 9.2 mm, respectively. 7 Much effort has been devoted to the reduction of bone necrosis by making adjustments to the amount of the various components of the cement, such as the copolymer, reaction inhibitor, and accelerator. 2, [8] [9] [10] Nevertheless, despite these modifications, maximal temperatures of up to 50-60˚C have been reported in bone tissues during arthroplasty 11, 12 and composite bone models during other experimental procedures 13, 14 ; these temperatures are high enough to induce thermal damage to bone cells (osteocytes and osteoblasts) and those of the adjacent bone marrow.
Osteocytes are the most abundant cells in the bone tissue. They are distributed within the mineralized bone matrix and connected to each other via dendritic cytoplasmic processes. Temperature rise in the bone tissue directly leads to thermal damage of the osteocytes. Recent studies have indicated that the integrity of the osteocyte plays an important role in the regulation of bone homeostasis. 15 For instance, necrotic death of the osteocyte, induced by cell rupture, has been shown to upregulate the secretion of the osteoclast differentiation factors M-CSF (macrophage colony-stimulating factor) and RANKL (receptor activator of NF-kB ligand). 16 Furthermore, apoptotic osteocytes release apoptotic bodies that have the potential to initiate osteoclastogenesis. 17 Although the causes of cell death in these two cases were different from thermal injury, these facts suggest that both necrotic and apoptotic osteocytes constitute a potential threat to osteoclastic bone resorption around the interface between bone tissue and cement owing to the increase in the temperature of the bone cement.
The occurrence of thermal damage is affected not only by an increase in temperature but also by the exposure time, temperature history, and cell type. Thus, an appropriate thermal injury model is required in order to estimate the risk of thermal damage to the bone cells. The contribution of these parameters to damage accumulation is commonly described using the Arrhenius first-order kinetic model. 18 In this model, progress of thermal damage is considered to be a kinetic process as a function of time (t), absolute temperature (T), frequency factor (A), and activation energy (DE), where a set of coefficients (A and DE) must be preliminarily determined for each cell or tissue of interest. The damage accumulation is then formulated using an integral of damage progression per unit of time. This model has the advantage that quantitative comparisons of thermal damage can be made among various cells and tissues exposed to different temperature histories. A number of previous studies showed that A ranges from 10 13 to 10 277 1/s, while DE varies from 10 4 to 10 6 J/mol. 19 However, there are no reports on the coefficients of bone cells, including the osteocytes.
Therefore, the aims of this study were first to quantify the thermal tolerance of bone cells in vitro for the development of a thermal injury model, and to apply this model for the estimation of thermal damage during cement polymerization in total knee arthroplasty (TKA). Osteocytes, osteoblasts, and fibroblasts were, respectively, subjected to steady supraphysiological temperatures ranging from 45 to 50˚C. The resultant viability was used to determine a set of coefficients (A and DE) in the Arrhenius model, which was subsequently applied to estimate the thermal damage to bone cells in total knee arthroplasty (TKA) using a three-dimensional finite element model (3-D FEM) based on computed tomography (CT) images.
METHODS

Cell Culture
Osteocytes, osteoblasts, and fibroblasts were used to determine the A and DE values in order to develop the Arrhenius thermal injury model. Immortalized mouse osteocyte-like cell line MLO-Y4 cells were routinely maintained on type I collagen-coated plates (0.15 mg/ml, rat tail collagen type I, BD Biosciences, Bedford, MA) in a-modified minimum essential medium (a-MEM, Gibco BRL, Carlsbad, CA) supplemented with 2.5% fetal bovine serum (FBS, Gibco BRL), 2.5% iron-supplemented calf serum (iCS, HyClone Laboratories, Inc., Logan, UT), and antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin, Gibco BRL). 20 The mouse osteoblast cell line MC3T3-E1 and mouse embryonic fibroblast cell line NIH3T3-3 were obtained from ATCC (Manassas, VA) and RIKEN Bioresource Center (Tsukuba, Japan), respectively, and routinely grown in a-MEM supplemented with 10% FBS and antibiotics.
Thermal Tolerance of the Cells An original culture substrate was fabricated by bonding a silicone rubber sheet (30 mm Â 18 mm, 1 mm in thickness) with a f14-mm hole onto a rectangular glass coverslip (32 mm Â 18 mm, 0.12 mm in thickness, Fig. 1 ). The hole on the silicone rubber sheet acted as a well for the cell culture. The fabricated substrates were sterilized by autoclaving before use.
The osteocytes, osteoblasts, and fibroblasts were cultured separately on the substrate at an initial density of 35 cells/ mm 2 . After 3 days, the well was rinsed with phosphatebuffered saline (PBS) and filled with 0.2 ml of culture medium containing 2 mg/ml Hoechst 33258 (Dojindo, Kumamoto, Japan). Prior to thermal treatment, the initial number of cells was counted in four view fields selected randomly using a fluorescent microscope with a 10x objective lens (TE300, Nikon, Tokyo, Japan).
The culture substrate was sealed with another glass coverslip, settled on to the thermal stage (LK-600PM, Linkam, Surrey, UK), and exposed to thermal treatment for 1, 3, 5, 7, or 10 min at predetermined temperatures (45, 46, 47, 48, 49, and 50˚C). After carefully changing the culture medium, the cells were further cultured for another 24 h in an incubator (37˚C, 5% CO 2 ).
Following incubation, the cells were stained with 20 mg/ml propidium iodide (PI, Molecular Probes, Carlsbad, CA) and 2 mg/ml calcein AM (Nakalai Tesque, Kyoto, Japan). Fluorescent images were digitally recorded from four randomly selected view fields using a fluorescent microscope combined with a digital microscope (VHX-1000, Keyence, Osaka, Japan). Ignoring cell proliferation after the thermal treatment, cell viability S was calculated using the formula, N v / N i , where N v is the number of green fluorescent calceinpositive cells after the treatment, and N i is the number of blue fluorescent Hoechst-positive cells before the treatment. The cell experiments were repeated at least four times for each time point and temperature.
Thermal Injury Model
In the first-order kinetic model, 18 viable cell or tissue is changed to the injured state at a reaction rate of k. Therefore, the cell viability after thermal treatment is calculated using the following equation:
where t is the total time of thermal treatment. Thus, the reaction rate is calculated for each temperature by assigning the cell viability and the time of treatment to Equation (1).
On the other hand, by employing the Arrhenius model to the kinetics, k is also described as:
where A is the frequency factor (1/s), DE is the activation energy (J/mol), R is the universal gas constant (8.314 J/(mol Á K)), and T is the absolute temperature (K). The set of coefficients, A and DE, are obtained by plotting the natural logarithm of k vs. the reciprocal of T because Equation (2) is modified as follows:
The value of DE is given by the slope, while A is the intercept of the vertical axis.
Measurement of Heat Generation From Bone Cement
A profile of the heat generation was measured using differential scanning calorimetry (DSC); ENDURANCE Bone Cement (DePuy, Warsaw, IN) was used as a model cement. Copolymer powder and monomer liquid was hand mixed in a bowl using a spatula for 30 s according to the manufacturer's instructions. Approximately 40 mg of the mixture was quickly loaded into an aluminum container and sealed by applying pressure. The container was placed on to the sample holder of a DSC apparatus (DSC120, Seiko Instruments, Chiba, Japan) and kept at 25˚C. An empty container was used as a reference sample. Heat release induced by polymerization was recorded under isothermal conditions at 25˚C every 0.1 s for up to 50 min. DSC thermograms (time-exotherm curve) were obtained by setting a baseline between the points where the derivatives of the thermogram were zero.
After the DSC measurement, a mass of the bone cement sealed in the container was measured using an electronic balance. Additionally, based on the Archimedes' principle, the density of the polymerized bone cement was measured. Briefly, a block of bone cement was hung from an electric balance by a thread and fully immersed in water. The loss of weight in water is calculated by M a À M w where M a and M w is the weight of the bone cement in air and water, respectively. According to the Archimedes' principle, the volume of the bone cement V is calculated by M a À M w ð Þ =r w where r w is the density of water. Thus, the density of the bone cement r is obtained by
without a direct volume measurement. DSC, mass, and density measurements were, respectively, repeated three times and the mean values were used. Combining these data, the profile of heat generation per unit volume was obtained for the heat conduction analysis.
Heat Conduction Analysis in Total Knee Arthroplasty
A finite element model of the human tibia ( Fig. 2) was provided by Materialise (Kanagawa, Japan) using the Materialise Mimics Innovation Suite. We placed a tibial component of the artificial knee joint (NexGen LPS, Zimmer, Warsaw, IN) on to the resected proximal tibia using a 3D image processing software, ScanIP (Synopsys, Inc., Mountain View, CA). The space between the cancellous bone and the stem of the tibial component was filled with a 1-mm thick bone cement in the normal direction of the stem surface, whereas a 3-mm thick cement was used to fill the space between cancellous bone and the tray of the tibial component. The solution domain including cortical bone, cancellous bone, bone marrow, soft tissue, tibial component, and bone cement was divided into approximately 135 million tetrahedral elements and 330 thousand eight-node quadratic isoparametric elements. The material properties of the segmented elements are listed in Table 1 . Temperature distribution was calculated by solving the heat conduction equation using a finite element analysis software MSC Marc/Mentat (MSC Software Corp., Santa Ana, CA). The aforementioned profile of heat generation was used as a source term in the analysis. The initial temperature of the tibial component and the cement was assumed to be 25˚C, while the temperature of the remaining regions was set to 37˚C. The analysis was performed for 1,800 s with a time step of 2 s.
A transient heat conduction analysis is affected by the minimum usable time step Dt min relative to mesh size DL and material properties. A simple guideline to get the solution convergence is where r is the density, c is the specific heat, and l is the thermal conductivity. This equation indicates that the sufficient time is required for the thermal diffusion in each element. The mesh size of the model used was set to be smaller than the DL calculated by Equation (5) for
Using the obtained temperature distribution at each time step, we evaluated thermal damage to cells or tissues around bone cement. Assuming the Arrhenius first-order kinetic model, the thermal damage accumulated for time t is represented by the well-known thermal damage index V
22
:
For a more straightforward index of thermal effect, the possibility of thermal damage P (%) is calculated as
RESULTS Figure 3 shows the fitting curves of the natural logarithm of the cell injury rate (k) as a function of the reciprocal of the absolute temperature (T). The kinematic parameters of the Arrhenius model determined from the slope and the intercept of the vertical axis in Equation (3) are listed in Table 2 . The osteocyte presented with the highest frequency factor and activation energy among the three cells. To compare the thermal tolerance, the cell injury rate of each cell was calculated using Equation (2), as shown in Figure 4 . Thermal injury appeared to increase at a faster rate in the osteocyte and the fibroblast when compared to the osteoblast. Osteocytes showed the lowest thermal tolerance of the three cell types. Figure 5 shows the profile of heat generated from a unit volume of bone cement. The exothermic heat increased gradually and reached a maximum value at 222 s after the start of data acquisition. The total amount of heat generated was 162 kJ/kg, or 183 MJ/m 3 . Temperature distribution at the transverse and frontal planes passing through the point where the highest temperature was recorded is shown in Figure 6 . The tray of the tibial component and the trabecular bone beneath the bone cement demonstrated a gradual increase in temperature due to the generation of heat from the bone cement. At 226 s after the start of polymerization, the maximal temperature at the trabecular bone in contact with bone cement reached 50.1˚C. The temperature penetration thickness in the tibial component was deeper than that in the trabecular bone because the thermal diffusivity of metal prosthesis is higher than that of bone. After reaching its peak value, the temperature gradually decreased because of thermal diffusion. On the other hand, the temperature around the stem of the tibial component did not show a significant increase; this may be attributed to the large heat retaining capacity of the relatively thick stem. Figure 7 illustrates the temperature history of the trabecular bone where the highest temperature was obtained, and at points 1, 2, 3, and 4 mm away. Initially, the temperature demonstrated a sharp drop to approximately 30˚C just after the analysis had started because of the initial lowering of the temperature of the bone tissue (37˚C) after coming into contact with the bone cement (25˚C). Subsequently, the temperature gradually increased at each point, reaching a maximum of 50.1˚C at the cement-bone interface (0 mm) as described earlier. The deeper the point in the bone, the lower the temperature recorded, and the time to reach that temperature was also delayed due to thermal diffusion. No temperature change was observed at the point 4 mm distal to the cement-bone interface. The temperature at all points dropped to below 40˚C and 38˚C after 336 and 438 s, respectively. Figure 8 shows the damage index (V) and the possibility of thermal damage (P) calculated using Equations (6) and (7) at each point. Assuming that the criterion of significant thermal damage is V > 1 (p > 63.3%), harmful thermal damage was only observed in the osteocyte at the cement-bone interface ( Fig. 8a and d) . At a location 1 mm or more away from 
DISCUSSION
The thermal tolerance of bone cells must be estimated in order to estimate the extent of thermal injury to the bone tissue during surgery while using a bone cement. In this study, assuming the thermal injury proceeds according to the first-order kinetic model, a set of coefficients in the Arrhenius equation was determined by cell culture experiments using osteocytes, osteoblasts, and fibroblasts. The developed model was then used to estimate the thermal damage to bone tissue in total knee arthroplasty. Finite element analysis demonstrated the occurrence of thermal diffusion during bone cement polymerization, and the accumulation of thermal damage at the bone cells adjacent to the curing cement.
Thermal damage was evaluated using the Arrhenius model, 18, 23 which involves the transformation of a viable cell or tissue to an injured state at a reaction rate that is influenced by both temperature and exposure time. The progress of the reaction is also affected by a pair of kinetic parameters that must be determined for each cell or tissue type by an experiment a priori. A technique comparing the time that a cell or tissue was exposed to a temperature above a predetermined threshold has been previously described. 12 However, although it is a very convenient method to compare a series of data obtained by using the same protocol, it is not sufficient for quantitative comparisons of thermal damage between different end points after exposure to different temperature histories. With the Arrhenius model, the progress of the thermal damage can be directly compared.
Literature values of the kinetic parameters, A and DE, cover a very broad range from 10 13 to 10 277 1/s and 10 4 to 10 6 J/mol, respectively. 19 The values obtained in our study were within these ranges. These values are affected not only by cell types but also by the method and the time point for the determination of cell injury. Clonogenicity tends to increase the activation energy (DE), whereas histology and viability assays using dye intake lower the DE values. In the present study, thermal injury was determined using a pair of fluorescent dyes; calcein AM and PI. Calceinpositive and PI-negative cells were live cells that survived thermal treatment. While considering the thermal necrosis of bone tissue, identification of convincing cell death is more important than the detection of acute responses in the osteocytes. Thermal treatment causes necrotic injury and also triggers the process of apoptosis in the cells. Thus, in the present study, the two modes of death were assessed by examining the viability of the cells for a period of 24 h.
Osteocytes and fibroblasts presented with the higher frequency factor and activation energy (Table 2) , and consequently the lower thermal tolerance when compared to osteoblasts. The osteocyte is a mature cell type that is differentiated from a bone-forming osteoblast. It has a shrunken cell body with relatively few organelles necessary for matrix production and secretion. In contrast, the osteoblast has a larger cell body and actively synthesizes the extracellular matrix. This (6) and (7) at each point.
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KURATA ET AL. difference in cell shape and the amount of intracellular organelles affects the magnitude of the heat capacity of the cells. Low thermal tolerance in osteocytes is possibly attributed to its low heat capacity owing to the contracted cell body and also the low number of cell organelles. Difference in the cell injury rate between the osteocytes and fibroblasts was insignificant; thermal injury increased at a slightly faster rate in the osteocytes (Figs. 3 and 4) . However, much attention has been paid for the thermal tolerance of the osteocytes because apoptotic and necrotic damage to the osteocytes are directly involved in the regulation of bone metabolism. 14, 15 Heat conduction analysis using a 3-D finite element model successfully demonstrated a change in temperature distribution during the polymerization of the bone cement. The analysis showed that the generated heat was deeply diffused into the tibial component when compared with the bone tissue because the thermal diffusivity of titanium is higher than that of bone. The relatively thin tray has less ability to remove heat from the bone cement, thereby yielding a maximal temperature increase of up to 50.1˚C at the trabecular bone under the tray, whereas no obvious temperature rise was observed around the thick stem. The number of studies on the thermal analysis of TKA is very limited. One early study reported a maximal temperature of 56˚C at the cement-bone interface under the tray 24 ; however, they used a two-dimensional model with a different profile of the heat generation and thus, the temperature value obtained cannot be compared to that observed in the present study. Nevertheless, considering the fact that higher temperatures are obtained when using 2-D analyses, our result is similar to that reported in their study, especially with regard to the temperature value and the position where the maximal temperature was measured.
It is difficult to verify the validity of the temperature measured by numerical analyses because thermal characteristics of bone cements have rarely been studied in vivo. Some studies have discussed total heat generation from a small pellet of bone cement using DSC, 2,9,10,25 while others have compared temperature increases using a simple one-dimensional heat flow model. 8, 26 Toksvig-Larsen et al. 12 measured maximum temperatures of 38-52˚C in the acetabulum and 29-56˚C in the femur during THA by using thermocouples inserted into the surrounding bone cement. Whitehouse et al. 7 presented a temperature history by taking measurements at the surface and core of the curing bone cement in an ex vivo hip replacement model. They used thermocouples to demonstrate a surface temperature of less than 47˚C, which was below the threshold for thermal damage. Little et al. 27 also measured the temperature of the femoral neck at the cement-bone interface during hip resurfacing arthroplasty and reported a temperature increase ranging from 41.6-56.5˚C, which had the potential of causing thermal necrosis in the bone tissue. The vast majority of studies have reported temperatures measured during THA, but not TKA, and therefore, the results obtained from those studies cannot be compared to the analytical findings of the present study. However, the maximum temperature obtained from the heat conduction analysis in our study is comparable to previously reported values.
There are several limitations of the present study that need to be discussed. The first one is attributed to the assumption of homogeneous heat generation from the bone cement in our model. Heat generation during polymerization is a function of the temperature and fraction of polymerized monomer. Some previous studies took into account the kinetics of polymerization and proposed empirical models [28] [29] [30] in which, heat generation at each element was governed by the surrounding temperature and residual monomer. On the other hand, although the profile of heat generation was experimentally determined using DSC measurements in the present study, we assumed that the heat of polymerization was homogeneously generated by all the elements of the bone cement. The omission of heterogeneity in heat generation may lead to inaccuracies in the timing and magnitude of the maximum temperature. The second limitation is the smooth cement-bone interface of the FE model. The cement penetrates into spaces located between the trabeculae, and therefore, some trabeculae are enclosed within bone cement. Because the thermal conductivity of trabecular bone is relatively higher than that of bone cement, the penetrating trabeculae works as a heat sink. Thus, our analysis may have overestimated the maximum temperature, which is on the safer side when considering the thermal damage. Thirdly, anisotropy in thermal conductivity was neglected in this study. Bone tissue has a highly oriented structure and shows anisotropic physical properties, which could affect the results obtained during heat conduction analysis. However, differences in thermal conductivity depending on direction are less than 10% 31 ; therefore, anisotropy may have an almost negligible effect on the analytical results. In the present study, a simple heat conduction equation was applied instead of the Pennes bio-heat equation. We did not take into account the effect of blood perfusion within a tissue. This is because TKA is commonly performed using a tourniquet 32, 33 ; without a tourniquet, the maximum temperatures measured would be lower. Thus, the values of temperature increase obtained in the present study may be on the higher side.
In this study, only one profile of heat generation was used as a model of heat conduction analysis. From the clinical point of view, it is more desirable to compare the occurrence of thermal damage affected by cement types, alternative mixing techniques, ambient temperature, the use of saline fluid as a coolant, and pulse lavage. The choice of cement type will be driven by the surgeon's preference and THERMAL DAMAGE SIMULATION IN TKA application method. Mixing method changes the curing characteristics of bone cement 34 although its effect on temperature rise and consequent thermal damage is almost negligible according to the previous studies. 26, 35, 36 Lower ambient temperature and the use of chilled saline fluid decrease the maximum temperature of curing bone cement. The use of pulse lavage also decreases the temperature at cementbone interface during arthroplasty. 37 All these effects can be taken into account by changing the heat source term and the boundary conditions of the heat conduction analysis although experimental determination how much heat is removed by the saline fluid is required. However, important they are, these are beyond the scope of this paper and would be important issues in the future work.
CONCLUSION
The Arrhenius parameters of osteocyte, osteoblast, and fibroblast were quantified in order to develop a thermal injury model based on the Arrhenius model. A three-dimensional heat conduction analysis using the finite element model based on serial CT images of human knee revealed a maximal temperature rise of up to 50˚C at the interface between the 3-mm thick cement and the tissue beneath the tibial tray of the prosthesis, which was high enough to induce thermal damage to osteocyte. However, the damaged region was very restricted and negligible at least 1 mm away from the cement-bone interface. By changing the heat source term and the boundary conditions of the heat conduction analysis, our analytical model is adaptable to other practices that are affected by different cement types, mixing methods, ambient temperature, and the use of coolant.
